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Abstract
A real industrial case has been analyzed and is discussed in this paper. Significant percentage of defective
ball bearings is not detected during the final inspection in the only manual station of the automatic assembly
line. The main specifications of an inspection system, which is based on artificial vision, are pointed out. The
system configuration (camera, lighting and ball bearing support) is described in detail. The visibility of all
surfaces has been optimized using one central conic and four lateral mirrors. In off-line tests, the described
algorithms allowed the recognition of most surface defects. Interactive and user-friendly calibration procedures
have also been defined.
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1 INTRODUCTION
About 60 billion ball bearings are manufactured every
year all over the world for applications ranging from
aerospace to machinery. The examined line output is
5000 products per shift.
For high-tech companies, the last trend is zero-defect
manufacturing. For large-scale products, high investments
in the process control are required to prevent defective
products from reaching the market.
This study is divided in two parts:
1. the collection of rejected products and the analysis of
typical defects;
2. the development and testing of an automatic
inspection system.
State of the art
Artificial vision is widespread today in manufacturing [1]
[2], mainly for inspection [3] [4] [5]. Several examples are
available from the robotic/automatic [6] electronic [7] [8]
and electrotechnical [9] assembly industry, both in 2D and
in 3D [9]. Detection algorithms include artificial neural
networks [7].
Regarding ball bearings, several applications have been
developed for SKF [10] [11] [12], but these systems are
only able to detect the absence of parts.
Specular reflection [13] [14] is a standard technique to
extend the view field of a camera to surfaces that are not
directly visible. The main reason for doing so is reducing
the time for inspection and the need for additional
handling devices. The main drawback is the consequent
reduction of the spatial resolution. In this particular
application the use of reflective surfaces is stressed.
The inspection of markings is a critical problem, because,
in addition to integrity, it involves understanding by a
human. An industrial system is described in [15].
2 THE MANUFACTURING LINE
2.1 The process control
The main parts of a ball bearing are shown in Figure 1.
From a detailed analysis of the line, the main operations
(machining and assembly) and controls have been
summarized in the graph of Figure 2.
The process control, certified with the ISO 9001
standards, is mainly based on the product control before
and after the most critical operations. Any deviation from
the correct range is monitored. Corrective measures are
taken manually when noncompliance occurs.
Regarding the criticality of defects, a product should be
rejected in any of the following situations:
- when a functional defect is present, e.g. rotational
problems;
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Figure 1: The main functional parts of a ball bearing
(model SKF YET 208).
- for defects on the outer surface, which may affect the
final product installation;
- all surface defects are critical for esthetical reasons.
Visible defects are larger than about 1 mm.
Receiving inspection
The cage and the inner and outer rings are provided by
ISO certified suppliers. It has been observed that about
0.1 percent of defective parts are provided, so the
procurement process can be improved. Surface and other
defects on these parts can be detected on the line with
the controls indicated in Figure 2 and in the final visual
inspection station.
Weighing
The accuracy of this control depends on the weight
variability of parts and grease. Within this range, for all
ball bearing models, the absence of one ball or of one
flinger can be detected. The cage or the screws absence
cannot be detected with this method and is checked with
other automatic inspection systems (Figure 2).
Audits
In parallel with the above controls, according to the MIL
standards [16], product audits based on a sampling plan
are performed on final products, every week, at the end of
the line. This activity allows a quantitative statistical
assessment of the controls performance.
2.2 Visual inspection
The only manual control is the visual inspection of the
final product at the end of the line. This operation
includes:
 checking the presence of all parts;
 a functional test (manual free running control);
 the detection of esthetical or surface defects;
 the readability of markings.
The classification of visual defects on ball bearings
The ball bearing surfaces to be inspected are:
 the two lateral plane faces of the inner (IPF) and
outer (OPF) rings;
 the two flingers (F);
 the inner cylindrical surface (IS);
 the outer spherical surface (OS).
An exhaustive classification of defects is reported in Table
1. Some examples are displayed in Figure 3.
Discussion
From the analysis of the data collected over a period of
nine months, it has been observed that over 10% of
visible defects are skipped in the visual inspection station.
The first corrective action taken has been the operators
awakening, but no benefits have been observed, for
several reasons, including:
 the operator’s capability;
 the monotony and repetitiveness of this task;
 the high production rate required.
Several alternative solutions are possible, including:
1. zero-defect suppliers;
2. automating the inspection operations.
The second alternative requires higher initial investments,
but it has a lower cost in the long term and first of all it is
able to provide the required performance by eliminating
the human error. In the remainder, the feasibility and the
specifications of such automatic inspection system are
discussed.
A distributed use of artificial vision extended to previous
stations would allow the detection of esthetical defects
before subsequent operations are performed and more
value is added to a product that will be rejected. This
application requires an economical analysis.
The potential of artificial vision for inspection may include
gauging. The integration of these tests (which are
performed on the line with the methods indicated in Figure
2) into the final inspection station under study, requires a
higher camera resolution for the tight product tolerances.
3 THE AUTOMATIC VISUAL INSPECTION STATION
The purpose of this system is to detect all the surface
defects indicated in Table 1 with objective criteria and
constant efficiency.
The main steps of this study are:
 finding the optimal system configuration;
 the selection of light sources and their distribution;
 the definition of algorithms.
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Figure 2: Sequence of the main operations (top-down)
and controls performed on the ball bearings
manufacturing line. The control methods are also
indicated.
Table 1: The classification of visible defects, their position
(the abbreviations are in Chapter 2.2) and reference to the
examples displayed in Figure 3. Their relative occurrence
is based on quality audits monitoring the controls
effectiveness over a period of nine months.
Defect Name Position and Example
Reference (Figure 3)
Relative
Occurr.
TURNING MARKS IS (h.), OS, IPF, OPF 28%
GRINDING MARKS IS (f.), OS (d.), IPF,
OPF (b.)
11%
RUST TRACES IS (g.), OS, IPF (g), OPF 38%
HAMMERING F (c.) 20%
BLOT F (a.)
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MARKING
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Inspection of the outer spherical surface
Rust, grinding and turning marks appear as dark blots on
the bright metal surface.
The blots available on the outer spherical surface are
detected with the following sequence of image processing
steps: binarization followed by closing to eliminate
isolated pixels. A product is considered defective if the
number of dark pixels is over a predefined threshold. This
threshold is determined considering the area of the two or
three lubrication holes (depending on the model), which
are present on all products. Considering the position of
lubrication holes (usually at 120°), the following conditions
should also be satisfied:
1. only one blot is allowed on each lateral mirror (Figure
5);
2. no more than two or three blots total (depending on
the model) are allowed.
Inspection of the flingers
In general, the flingers are seen as an elliptic ring, for the
change of the image aspect ratio during acquisition. For
the inspection, three methods are possible:
 fixed control area and image rotation;
 fixed control area and ball bearing rotation;
 elliptic ring control area.
The last one is the fastest, because it can be performed in
a single step. Defects are found as described in the
previous paragraph, in the rectangular control area (outer
rectangle in Figure 5) containing the elliptic ring. Their
position is compared with the equations of the inner and
cted: (1) surfaces projected
urface projected on central
 (4) flinger. The small square
earing shows the reference
 positioning system.
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Inspection of the inner and outer ring plane faces
The plane faces have the same elliptic shape of flingers
but they have a smaller size, about 11 pixels. The whole
elliptic ring corresponding to the plane face is divided in
smaller control areas where the plane face can be
assumed as rectangular (Figure 6, top). Defects are
detected by calculating the light intensity profiles, which is
the addition of the pixel values in all columns of the
control area, after binarization to enhance the defect
presence. The number of consecutive column profiles that
are below a predefined threshold is related to the
presence of a defect. An example of graph is shown in
Figure 6, center. With this method, a defective intersection
between the plane and the outer spherical surface (Figure
6, bottom) can also be detected.
Inspection of the inner cylindrical surface
Considering that this surface, projected in the conic
mirror, is observed as an elliptic ring, the same method
described for flingers is used from the same control area
(Figure 5).
Lubrication holes may also be present on the inner
surface, like on the model SKF YAR 205 2F (Figure 7). In
this case the following information are included in the
algorithm:
1. their distance from the plane faces;
2. their angular distance (120°).
For the inspection, all the pixels belonging to the blots
detected are sorted in polar coordinates and for each of
them two conditions are then checked:
1. their radial position should be between the minimum
and the maximum radius allowed for the lubrication
holes;
2. the angular distance between two successive non-
contiguous pixels with the same radius should
correspond to the limits indicated in Figure 7 for the α
and β angles.
Report generation
If any of the above algorithms finds a defect, a report is
generated, which includes the defect type, and the date
and time. This information can be used for quality
assurance purposes, in order to find a correlation with the
actual shift and with the process variables.
5 THE HARDWARE AND SOFTWARE CALIBRATION
The system setup for ball bearings of different size
requires the installation of different conic mirrors and the
adjustment of the lateral mirrors.
In general, the system calibration after the installation and
production changes strongly influences the inspection
algorithm performance, for this reason detailed
procedures have been defined.
Figure 5 displays an example of grabbed image with the
control areas inspected by the developed algorithms. It is
necessary to manually adjust the size and position of the
control areas after the initial system setup and for
production changes to inspect different ball bearing
models. The elliptic control areas for the flingers and the
inner cylindrical surface are determined from the main
axes, which are parallel to the image sides.
Interactive software has been implemented to fine-tune
each control area. The control area width of the lateral
mirrors is determined by the selected view angle
discussed in Chapter 3.2.
Also the optimal lens aperture 
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system is used (Figure 5). The ligh
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6 RESULTS
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s dark blots at 120°,
similar to that of the surrounding metal surface. An
analysis of the causes producing this defect has shown
that it is due to the improper packaging for the
transportation from the supplier: when the rust depth
exceeds the machining stock height, it is not completely
removed in the grinding operation. By pointing out the
cause of this defect, it has been reduced by the corrective
action indicated.
7 THE SYSTEM ENGINEERING
A linear camera, with the CCD axis parallel to the radial
direction, is more suitable for the system engineering,
because it is well known that it is much easier to have
repeatable lighting conditions, especially on curved
surfaces. Regarding the system configuration, the good
algorithm performance, also with more difficult lighting,
suggests keeping the same camera position and rotating
the ball bearing by 360°. In this case, the conic mirror can
be replaced with a simpler centering system and a flat
adjustable mirror. Turning the ball bearing upside down
will be still necessary.
The static approach with a matrix camera has the benefit
to reduce the acquisition time. The developed algorithms
are suitable for both cases because they take advantage
of the axial symmetry of ball bearings.
The metal surface reflexes have been minimized using
multiple sources of indirect lighting.
The readability of markings was not investigated. OCR
technology is available to be integrated in the system.
The positioning system developed is suitable to be
installed directly on the line. Its main features are: low
number of parts, standard components, no wear and tear
(for the static configuration). The required space (less
than 0.15 m2 and 5 kg for the positioning system) is lower
than that of the present manual inspection station (about 2
m2). Its has been successfully tested with two very
different ball bearings models. For the proper system
interfacing on the line, the uploading and selective
downloading of good and rejected products still needs to
be studied.
8 SUMMARY
A detailed analysis of the controls on an automatic
assembly line has been performed. The final visual
inspection is the only manual operation and its
performance can be improved with artificial vision.
The visual inspection of mechanical parts is state of the
art. The main innovations of the developed system are:
1. the special configuration of the positioning system.
The accessibility of all parts in a single view has been
optimized with a mirror-based method;
2. the developed algorithms take advantage of the axial
symmetry of ball bearings and are suitable both for
the implementation with a matrix and a line CCD
camera, discussed in the paper.
The system described, which also has a user-friendly
interface, has been able to recognize most defects in off-
line tests. The cycle time is 6 s, as required for the on-line
application (the standard SKF cycle time).
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